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What do you love about MINERvA?

Neutrino Physics

“I want to measure neutrino 
oscillations”

MINERvA will…

help me understand 
neutrino energy 
reconstruction

reduce my uncertainties  
from cross sections and 
nuclear effects

Nuclear Physics

“I want to measure nucleon 
structure”

MINERvA will…

use a probe sensitive to 
flavor and axial structure
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Priority: σ( Eν )
Neutrino Oscillations

Accelerator neutrino 
experiments measure νμ 

disappearance (for example)
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Expected event rates in NuMI

NoVA

MINOS
MINERvA

www-nova.fnal.gov/plots_and_figures

Must reconstruct the neutrino energy!

Image:
symmetry
May 2005



Priority: σ( Eν )
Neutrino-Nucleus Interactions
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Heavy nuclear targets used to get necessary statistics

Carbon, Iron, Lead, Water, Argon

Nuclear effects are significant in neutrino scattering

Affects energy smearing and event rate

Neutrino interaction simulation (models) rarely handle 
nuclear modifications well

They need data to test models

Must understand nuclear 
effects in neutrino scattering!



Probing Nucleon Structure
Deep Inelastic Scattering (DIS)

Lepton strikes quark, breaks apart nucleon

Cross section a function of

Probe (lepton) momentum

Interaction kinematics

Target (quark) momentum - Encoded in structure functions – F1, F2, F3 
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Bjorken scaling variable
Fraction of nucleon’s momentum 
carried by the struck quark

Inelasticity



Structure Functions
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Sum of all quark and antiquark momentum

Sum of valence quark momentum

*Calculated for neutrino-neutron at Q2 =1 GeV2, Eν = 4 GeV

F2 = 1.23
xF3 = 0.93 

How much do they contribute to the DIS cross section?

F2 = 0.69
xF3 = 0.82 

X = .2 X = .6



Charged Lepton Data
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Charged lepton data show structure 
function F2 effectively changes when 
nucleon bound in nucleus

Abstract:
“Using the data on deep inelastic muon scattering on 
iron and deuterium the ratio of the nucleon structure 
functions F2(Fe)/F2 (D) is presented. 
The observed x-dependence of this ratio is in 
disagreement with existing theoretical predictions. “

Physics Letters B

Volume 123, Issues 3–4, 31 March 1983, Pages 275–278

… much experimental and theoretical effort …



Priority: σ( x )
No comparable neutrino data!
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Plot of ratio (R) of NUTEV (ν-Fe) 
data to theoretical predictions of 
free nucleon F2.  Compared to fits 
to ratio from charged lepton data.

Neutrinos sensitive to structure 
function xF3

(Charged leptons are not)

Gives neutrinos ability to separate 
valence and sea

Neutrinos sensitive to axial 
piece of structure function F2

(Charged leptons are not)

Axial effect larger at low x, low Q2

Expectations for neutrino nuclear 
structure function modification

J.G.MorfÍn, J Nieves, and J.T. Sobczyk
Advances in High Energy Physics, vol. 
2012, Article ID 934597

nCTEQ – νA
nCTEQ – l±A



Collaboration of 80 nuclear and particle physicists

MINERvA
Main INjector ExpeRiment ν-A
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MINERvA Detector
120 modules for tracking and calorimetry (~32k readout channels)

Active element is polystyrene (plastic scintillator)

Construction completed Spring 2010.  He and Water added in 2011

MINOS Near Detector serves as toroidal muon spectrometer
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The MINERvA Detector 

Calibration and Performance
arXiv:1305.5199 [physics.ins-det]



Quasi-Elastic

(CCQE)

Previously from MINERvA
Quasi-Elastic Scattering on Scintillator
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MA = 1.35

G. A. Fiorentini et al. (MINERvA Collaboration)

Phys. Rev. Lett. 111, 022502 (2013)

L. Fields et al. (MINERvA Collaboration)

Phys. Rev. Lett. 111, 022501 (2013)

neutrino

antineutrino

Nuclear effects are significant.
Even in this most basic interaction.



Today from MINERvA
Inclusive Scattering on Nuclear Targets
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Deep Inelastic 

Scattering (DIS)

Quasi-Elastic

(CCQE)

Resonance 

Production

(CC1π)

νμ
J.A. Formaggio and G.P. Zeller, 
Rev. Mod. Phys., 2012



νμ

Flux, Cross Sections
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NuMI Low Energy Beam Flux
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J.A. Formaggio and G.P. Zeller, 
Rev. Mod. Phys., 2012

This analysis 
uses νμonly



Dataset
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This analysis uses ALL 
analyzable neutrino data

protons on target 

(POT) delivered
νμ LE - 3.98e20

Thank you for the beam!



250 kg 
Liquid He

1” Fe / 1” Pb
323kg / 264kg

500kg
Water
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W
a
te
r

Active Scintillator Modules

Tracking 

RegionHe
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1” Pb / 1” Fe
266kg / 323kg

3” C / 1” Fe / 1” Pb
166kg / 169kg / 121kg 0.3” Pb

228kg

.5” Fe / .5” Pb
161kg/ 135kg



W
a
te
r

Active Scintillator Modules

Tracking 

Region

Target 3

Target 5

Target 4Target 2
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Targets used for today’s result

“2”

“3”
“4” “5”

1” Pb / 1” Fe
266kg / 323kg

3” C / 1” Fe / 1” Pb
166kg / 169kg / 121kg 0.3” Pb

228kg

.5” Fe / .5” Pb
161kg/ 135kg



Nuclear Target Ratios Analysis
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MINERvA
Main INjector ExpeRiment ν-A
Main INjector Experiment for Ratios of ν-A
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Event Display
S

tr
ip

 N
u
m

b
e
r

Module Number

outer hadronic calorimetry

X View U View

V View

To MINOS
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Event Topology
Muon must be matched to a 
momentum- and charge-analyzed 
track in MINOS ND

Event Selection

Interaction Material
Vertex must be in passive nuclear 
target or adjacent scintillator plane
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DATA

Module Number

S
tr

ip
 N

u
m

b
e
r

This Event
Run: 2000
Subrun: 7
Gate: 119
Slice: 5

Fe

Pb

Thanks 
MINOS!

X View

Fe

Pb

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5
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Event Topology
Muon must be matched to a 
momentum- and charge-analyzed 
track in MINOS ND

Event Selection

Interaction Material
Scintillator events must be in the 
fiducial volume of the tracker
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DATA

Module Number

S
tr

ip
 N

u
m

b
e
r

This Event
Run: 2000
Subrun: 7
Gate: 119
Slice: 5

Fe

Pb

Thanks 
MINOS!

X View Tracker fiducial volume

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5
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Event Reconstruction
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Recoil Energy
Sum of non-muon visible energy, 
weighted for passive material traversed

DATA

Module Number

S
tr

ip
 N

u
m

b
e
r

This Event
Run: 2000
Subrun: 7
Gate: 119
Slice: 5

Fe

Pb

calorimetric

X View

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5
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Event Reconstruction
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DATA

Module Number

S
tr

ip
 N

u
m

b
e
r

This Event
Run: 2000
Subrun: 7
Gate: 119
Slice: 5

Fe

Pb

Need to reconstruct muon energy, muon angle, hadronic energy

X View

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5


Forming a Cross Section

data – background = signal

Unfolding matrix

From reco bin j to “true” bin i

Efficiency for bin i

Flux times target number

Flux may depend on bin

Bin width
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Background
1. Rock Muons
Affected only target 2 in the earliest data

Uninstrumented planes reduced tracking efficiency.  Veto wall was not installed yet.

Target 2 ≈ 50% of iron, 33% of lead.   Early data ≈ 30% of all neutrino data.

 < 1% flat correction
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DATA

Module Number

S
tr

ip
 N

u
m

b
e
r

This Event
Run: 2141
Subrun: 79
Gate: 805
Slice: 12

Fe

Pb
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X View

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r4p3&run=2005&subrun=5&gate=111&slice=3


Background
2. Neutral Current and νμ Events
Small background ( <0.5% ).  Let MC apply correction.
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Wrong sign contamination 
is smaller in the beam’s 
focusing beam



Background
3. Misidentified Nucleus

27

Few carbon/lead events 
migrating into iron sample

Significant impurity of 
scintillator events.

Expect ~23% from fiducial
mass of iron vs. scintillator
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Signal



An event from target 3
Lead candidate

Fe
Fe

C

Pb

DATA

Module Number

S
tr

ip
 N

u
m

b
e
r
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This Event
Run: 2014
Subrun: 5
Gate: 609
Slice: 8
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X View

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2014&subrun=5&gate=609&slice=8


Fe

C

Pb

DATA

Module Number

S
tr

ip
 N

u
m

b
e
r
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This Event
Run: 2005
Subrun: 5
Gate: 111
Slice: 3

An event from target 3
Carbon candidate
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X View

http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2005&subrun=5&gate=111&slice=3


These peaks are at the 
location of the first 

module downstream of 
the passive targets
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Tgt2

Tgt3

Tgt4
Tgt5

One track events from passive target 
have a vertex in the first plane 

downstream of the target
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Use events in the tracker 
modules to predict and 

subtract the plastic 
background
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Tgt2

Tgt3

Tgt4 Tgt5

Project the one track events to the 
passive target’s center in Z

This is the best guess of the vertex

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice



Subtract the Plastic Background

Predict spectrum of background using:
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Events in the Tracker Geometric Acceptance Reconstruction Efficiency

Found this event in 
scintillator of tracker

Pretend the same event 
happened in plastic background

Module NumberS
tr

ip
 N

u
m

b
e

r

Module NumberS
tr

ip
 N

u
m

b
e

r



Predict spectrum of background using:
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Events in the Tracker 

Selection of events in tracker 
volume done in both data.
Does not use cross section model.

Data-driven background
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Geometric Acceptance

Muon-only Geant4 simulation measures 
probability muon will hit MINOS

Function of muon energy, muon angle, vertex

Does not use neutrino interaction model

Predict spectrum of background using:
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Muon-only Geant4 simulation measures 
probability muon will hit MINOS

Function of muon energy, muon angle, vertex

Apply reweight factor to each event in tracker

“For every 1 event like this in the tracker, there will be X in the background”

Geometric Acceptance

Predict spectrum of background using:
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Reconstruction Efficiency

Efficiency also depends on hadronic energy

Shower can obscure muon.  Not addressed by geometric acceptance.

Measure remaining efficiency with simulation 

GENIE 2.6.2 and Geant4

Module NumberS
tr

ip
 N

u
m

b
e

r

Predict spectrum of background using:



Unique correction for each nuclear target

Errors are MC stat. and an additional correlated error

Additional uncertainty scale determined by adding uncorrelated uncertainty on 
top of stat. until 

Additional uncertainty applied as correlated event-to-event and target-to-target
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Pink band is additional 
systematic error

Reconstruction Efficiency

Predict spectrum of background using:

Tick marks are stat. error

Pink band is stat. error



Accuracy of Background Estimation
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Events in the Tracker Geometric Acceptance Reconstruction Efficiency
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A separate estimated 
background for data and MC



Kinematic Content
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νμ
J.A. Formaggio and G.P. 
Zeller, Rev. Mod. Phys., 2012

Signal Kinematics
2 < Neutrino Energy < 20 GeV

0 < Muon Angle < 17 deg

Invariant hadronic mass



Bin Migration

Fold true x distributions

Multiply by this matrix 

Avoids model dependence

Migration in x is significant
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Unfold in neutrino energy

Iterative Bayesian unfolding 
with 4 iterations



Reconstruction Efficiency
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MINOS-match requirement
Muon momentum 
threshold ~ 2 GeV

MINOS-match requirement
Geometric acceptance primary 

driver for efficiency loss
Angular threshold ~ 17 deg

Signal Kinematics
2 < Neutrino Energy < 20 GeV

0 < Muon Angle < 17 deg
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Systematic Uncertainties

Muon Reconstruction

Hadronic Energy Reconstruction

Primary Interaction Models

Final State Interaction Models

All very similar to recent quasi-elastic analysis
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Need to reconstruct muon energy, muon angle, hadronic energy
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Muon Energy Scale

All muons used in this analysis are momentum analyzed in MINOS ND

Muon momentum 

scale uncertainties

MINOS range:

±2% for all pm

MINOS curvature:

±2.1% for pm < 1.0 GeV/c

±3.3% for pm > 1.0 GeV/c

MINERvA Tracker (Targets)

±11 (17) MeV (mass model) 

±30 (40) MeV (dE/dx) 

muons lose ~0.5-1.5 GeV in MINERvA

MINOS NIM A 596, 190 (2008)

arXiv:1305.5199 [physics.ins-det]
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Muon Tracking Resolutions

Split-track study of clean 

muons in tracker region
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σθ = 2 mradσx = 0.9 mm
σy = 1.3 mm

σz = 1.0 cm



Hadronic Energy – Test Beam
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±30% variation in 
ionization saturation

(Birks’ constant)
shown

high-energy charged 

pion response 

uncertainty ≈ 5%
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Thanks to AD and MTest!



Hadronic Energy
Detector Response
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Primary Interaction Model
Enters measurement through efficiency correction

Data-driven background subtraction avoids model dependence

Efficiency calculated with
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GENIE 2.6.2
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Final State Interactions (FSI)

FSI enters measurement through hadronic energy

Calorimetric energy scale tuned with Monte Carlo

Event selection not sensitive to FSI
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Model parameter uncertainty

pion/nucleon mean path ±20%

pion/nucleon charge exchange ±50%

pion absorbtion ±30%

pion/nucleon inelastic cross-section ±40%

elastic cross sections ±10-30%

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice

Genie Manual
June 15 ‘13
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Errors on Absolute
Cross Section

Flux is dominant systematic
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Errors on Absolute
Cross Section

Flux is the same 
throughout detector

Take ratio of cross 
sections to ~cancel flux



Form Ratios

Combine targets

E.g. Add events from all lead pieces after efficiency correction

Divide C, Fe, Pb cross sections by scintillator cross section

Each nucleus divided by a statistically independent scintillator 
measurements

Scintillator measurement is specific for each nucleus, to use the 
same transverse area
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Isoscalar correction – remove effect of neutron excess.

Calculated with GENIE 2.6.2



Errors on Absolute
Cross Section
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Errors on Ratio of 
Cross Sections



Results
Charged-Current Inclusive Ratios of Cross Sections
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σC σPbσFe

σCH

Signal Kinematics
2 < Neutrino Energy < 20 GeV

0 < Muon Angle < 17 deg

σCH σCH

dσC/dx dσPb/dxdσFe/dx
dσCH/dx dσCH/dx dσCH/dx

Neutrino Energy

Bjorken x



Cross Section Ratios – Carbon
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dσC/dx
dσCH/dx

σC

σCH



Cross Section Ratios – Iron
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dσFe/dx
dσCH/dx

σFe

σCH



Cross Section Ratios – Lead
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dσPb/dx
dσCH/dx

σPb

σCH



Neutrino Energy Summary
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No evidence of tension 
between our data and GENIE 2.6.2

σC

σCH

σPb

σCH

σFe

σCH



High x Summary

At x=[0.7,1.1], we observe a 
excess that grows with the size of 
the nucleus

This effect is not observed in 
simulation
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dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσFe/dx
dσCH/dx



Try Removing Elastic-like Events
nuclear effects are different for elastic and inelastic channels
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Select an inelastic sample (no quasi-elastic, no resonances)
Cut based on inverse of the cut we used in quasi-elastic analysis

Inelastic Signal Inelastic Background

Module Number

S
tr

ip
 N

u
m

b
e

r

acceptaccept

Recoil Energy Region

CCQE Extra Energy 
Non-muon hits that are not in 
hadronic calorimetry.
Exclude area 300mm around vertex.

Purity – inelastic
sample is 93% DIS

(inclusive was 35%)

Inelastic sample is 
22% size of inclusive
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Inclusive

Inelastic

dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσC/dx
dσCH/dx

dσFe/dx
dσCH/dx

dσFe/dx
dσCH/dx



Low x Summary

At x=[0*,0.1], we observe a 
deficit that increases with the 
size of the nucleus

This effect is not modeled in 
simulation
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dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσFe/dx
dσCH/dx

* Simulation suggests events down to 0.005
No events really at 0



Simulation of Nuclear Modification

Bodek-Yang Model (2003)

Fit to charged lepton data

All nuclei has same modification

All treated as isoscalar iron
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GENIE 2.6.2 | Our MC

Fermilab Seminar - MINERνA - Brian G. Tice

Nuclear modification fit for 
iron to deuterium ratio

Updated Bodek-Yang (2013)

Very similar to widely-used E139 fit

Specific fits for C, Fe, Pb

A. Bodek, U. K. Yang

arXiv:hep-ex/0308007

A. Bodek, U. K. Yang

arXiv:hep-ph/1011.6592



Do our data prefer a model?
Using MINERvA bins and acceptance
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Charged lepton data suggest we should see < 1% effect

Comparison of predicted for cross section ratio

No Modification

Bodek-Yang 2013

No Modification

Bodek-Yang 2013

No Modification

Bodek-Yang 2013

dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσFe/dx
dσCH/dx



Low x Summary

At x=[0,0.1], we observe a 
deficit that increases with the 
size of the nucleus

Data show effects not 
modeled in simulation
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Neutrinos sensitive to 
structure function xF3

Neutrinos sensitive to axial 
piece of structure function F2

Expected Neutrino Differences

dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσFe/dx
dσCH/dx



Conclusions
First results from nuclear targets in MINERvA

First precise direct measurement of nuclear-dependence of 

neutrino cross sections in the few GeV regime

Deficit increases with A at x=[0,0.1] (Pb < Fe < C) 

Not modeled in simulation

Excess increases with A at x=[0.7,1.1] (Pb > Fe > C)

Not modeled in simulation

Extensions of this analysis are very promising

Enhanced statistics (>10x) in higher energy, intensity NOvA-era beam

Higher energylower x reach.  Much more DISextract structure functions. 

Inelastic sample selection demonstrated.  Needs more data.

(teaser) Combine quasi-elastic and nuclear target analyses
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Backup
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17 mm

16.7 mm

Charge sharing for improved position 

resolution (~3 mm) and alignment

σ = 3mm

Another Module

One Module

X
V

X

U

Scintillator - tracking 

Lead - EM calorimetry

Steel - hadronic calorimetry
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250 kg 
Liquid He

1” Fe / 1” Pb
323kg / 264kg

500kg
Water

1” Pb / 1” Fe
266kg / 323kg

3” C / 1” Fe / 1” Pb
166kg / 169kg / 121kg 0.3” Pb

228kg
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.5” Fe / .5” Pb
161kg/ 135kg

W
a
te
r

Active Scintillator Modules

Tracking 

RegionHe
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250 kg 
Liquid He

1” Fe / 1” Pb
323kg / 264kg

500kg
Water
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W
a
te
r

Active Scintillator Modules

Tracking 

RegionHe
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1” Pb / 1” Fe
266kg / 323kg

3” C / 1” Fe / 1” Pb
166kg / 169kg / 121kg 0.3” Pb

228kg

.5” Fe / .5” Pb
161kg/ 135kg



NuMI Beamline
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120 GeV proton  Carbon target

pC  π± and K ±

Magnetic horns focus + or -

π+ / K+
 μ+νμ or   π- / K-

 μ- νμ

Delivers ~35x1012 protons on target 

(POT) per spill at ~0.5 Hz, a 

beam power of 300-350 kW.

~7E9 neutrinos / m2 @ MINERvA

MINERvA

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice

210 m
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Alignment and Strip Response
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Where do the muons go?

Today's results
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Muon Tracking Efficiency

MINERvA muon 

tracking 

efficiency

Momentum provided 

by MINOS ND
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Muon Tracking Efficiency

MINOS muon tracking 

efficiency

Would-be path if there were 
no multiple scattering

Actual path

Transverse 
displacement

Detector 
plane

high momentum
> 3.0 GeV/c

low momentum
< 3.0 GeV/c

Total efficiency (MC) :  98.8%
Total efficiency (Data): 94.1%

Total efficiency (MC) :  85.3%
Total efficiency (Data): 77.5%

use scattering in MINERvA   

ECAL+HCAL to split into high

and low momentum samples

Total Corrections neutrinos antineutrinos

pm < 3.0 GeV/c (-10.1 ± 4.7) % (-7.8 ± 3.4) %

pm > 3.0 GeV/c (-6.7 ± 2.6) % (-4.5 ± 1.9) %



Recoil Energy Resolution
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Stability
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March 22, 2010 July 12, 2010
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Reconstruction Stability
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Muons

Recoil

Calibrated detector

very stable 

at high and low 

energy scales

Electron
dE/dx

~4 months running
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Energy Scale 
and Stability
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Michels, π0 and e/ Separation

Michel e

Reconstructed π0

Photons From 
Reconstructed π0

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice



Events accepted from low energy run
Expected kinematic distribution of data shown today
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Simulation
GENIE 2.6.2



Events accepted during NOvA-era run
Expected kinematic distribution of data now being collected
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Simulation
GENIE 2.6.2
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GENIE FSI Systematics



GENIE Cross Section Systematics
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Fractional Bin Migration
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Error on Efficiency
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Cross section model 
uncertainty enters the 
measurement through 
efficiency only



Error on Efficiency
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Cross section model 
uncertainty enters the 
measurement through 
efficiency only



Isoscalar Corrections - Inclusive
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For signal kinematics
2 < Eν < 20  GeV

Θμ < 17 deg

Isoscalar correction

Isoscalar
correction on ratio



Isoscalar Corrections - Inelastic
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For signal kinematics
2 < Eν < 20  GeV

Θμ < 17 deg

Isoscalar correction

Isoscalar
correction on ratio
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Inclusive vs. Inelastic Sample
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Inelastic Sample

Fermilab Seminar - MINERνA - Brian G. Tice
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Inelastic Sample
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Inelastic Sample



Convolution of σ, Flux, ΔEν

Different flux means different sampling 
of interaction channels

 Energy smearing is ~ flux dependent
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νμ
J.A. Formaggio and G.P. Zeller, 
Rev. Mod. Phys., 2012

T2K Collaboration
Phys. Rev. D 87, 012001 (2013)

Unoscillated flux



Energy Reconstruction Problem
Final State Interactions

Example: Pion absorption

Pions can be absorbed in interaction nucleus

Energy and signature of pion is missing

Pion absorption is A-dependent

Energy smearing is A-dependent
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p

νμ μ-

W±

p
π+

Cross section vs pion energy 
before and after final state 
interactions.

O. Lalakulich, U. Mosel, and K. Gallmeister

Phys. Rev. C 86, 054606 (2012)



Priority: σ( Eν )
Uncertainty on νe-Appearance
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 Event rate for signal-type events in 
T2K before and after energy 
reconstruction

Oscillation probability before
and after energy reconstruction

Both plots: O. Lalakulich, U. Mosel, and K. Gallmeister

Phys. Rev. C 86, 054606 (2012)



PDFs
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J. F. Owens, A. Accardi, 
and W. Melnitchouk

Phys. Rev. D 87, 094012 

(2013)

Parton Distribution Functions (PDFs)
Probability that parton in proton has 

this value of x, when probed at Q2

Note: free nucleon PDFs



Neutrino Data at x>1
CCFR
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M. Vakili et al. (CCFR collaboration)
arxiv:hep-ex/9905052



Kulagin-Petti
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Kulagin-Petti predicts very large 
shadowing for neutrinos.
(large deficit at low x for heavy nuclei)

Comparison to our data in progress

F2(Fe) nuclear modification xF3(Fe) nuclear modification

Kulagin, Sergey A., and R. Petti. "Neutrino inclusive inelastic 

scattering off nuclei." Physical Review D 76.9 (2007): 094023.



Kulagin-Petti
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F2(Pb) nuclear modification

Kulagin-Petti predicts very large 
shadowing for neutrinos.
(large deficit at low x for heavy nuclei)

xF3(Pb) nuclear modification

Comparison to our data in progress

Kulagin, Sergey A., and R. Petti. "Neutrino inclusive inelastic 

scattering off nuclei." Physical Review D 76.9 (2007): 094023.
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Slice courtesy of J.G.MorfÍn



TEM TEM
MA = 1.35 MA = 1.35

RFG, SF RFG, SF

ds/dQ2 Shape
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Vertex Energy - Neutrinos

107

We find that adding an 

additional low-energy proton 

(KE < 225 MeV) to 

(25 ± 9)% of QE events 

improves agreements with 

data
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Vertex Energy - Antineutrinos

108

No such addition required 

for antineutrinos. Slight 

reduction if anything.

(-10 ± 7)% of QE events
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